Diverse pathological insults trigger a cardiac remodeling process during which myocytes undergo hypertrophy, with consequent decline in cardiac function and eventual heart failure. Multiple transcriptional regulators of pathological cardiac hypertrophy are controlled at the level of subcellular distribution. For example, prohypertrophic transcription factors belonging to the nuclear factor of activated T cells (NFAT) and GATA families are subject to CRM1-dependent nuclear export but are rapidly relocalized to the nucleus in response to cues for hypertrophic growth. Here, we demonstrate that the antihypertrophic chromatin-modifying enzyme histone deacetylase 5 (HDAC5) is shuttled out of the cardiomyocyte nucleus via a CRM1-mediated pathway in response to diverse signals for hypertrophy. CRM1 antagonists block the agonist-mediated nuclear export of HDAC 5 and repress pathological gene expression and associated hypertrophy of cultured cardiomyocytes. Conversely, CRM1 activity is dispensable for nonpathological cardiac gene activation mediated by thyroid hormone and insulin-like growth factor 1, agonists that fail to trigger the nuclear export of HDAC5. These results suggest a selective role for CRM1 in derepression of pathological cardiac genes via its neutralizing effects on antihypertrophic factors such as HDAC5. Pharmacological approaches targeting CRM1-dependent nuclear export in heart muscle may have salutary effects on cardiac function by suppressing maladaptive changes in gene expression evoked by stress signals.
A common mechanism controlling gene expression involves altering the subcellular distribution of transcriptional regulators. A multitude of transcription factors and cofactors possess nuclear localization sequences (NLSs) and nuclear export signals (NESs) that mediate entry into and exit from the nucleus, respectively. Frequently, signal transduction pathways that impinge on transcriptional regulators function by positively or negatively affecting the activities of these intrinsic targeting domains.
For proteins over ϳ40 kDa, passage into and out of the nucleus is governed by the nuclear pore complex (NPC), a multisubunit structure embedded in the nuclear envelope (27) . Positively charged NLSs are bound by importins ␣ and ␤, which tether cargo to the cytosolic face of the NPC and facilitate translocation of proteins into the nucleus. The CRM1 protein, also referred to as exportin, mediates the transit of proteins out of the nucleus (16) , although CRM1-independent mechanisms for nuclear export exist (25, 33) . CRM1 binds hydrophobic NESs together with the small GTP binding protein Ran, and these ternary complexes are shuttled out of the nucleus through a series of interactions with the NPC.
The capacity of nuclear import and export machinery to access an NLS or NES is often dictated by signaling events that culminate in exposure or masking of these regulatory sequences (12) . This may occur through direct modification of the target protein or via modification of an associated factor. Phosphorylation has been most commonly implicated in this mode of control, although roles for other types of posttranslational modifications (e.g., acetylation) in the regulation of protein localization have recently been revealed (9) .
Cardiac myocytes lose the ability to divide after birth but "remodel" in response to stress signals that arise from a variety of cardiovascular disorders, including myocardial infarction and hypertension. A common outcome of stress in the heart is cardiomyocyte hypertrophy, a growth response during which individual myocytes increase in size without dividing, assemble additional contractile units (sarcomeres) to maximize force generation, and reactivate a fetal program of gene expression (37) . While there may initially be beneficial elements to this type of cardiac growth, for example the normalization of wall stress, prolonged hypertrophy in response to pathological signals is associated with an increase in morbidity and mortality due to heart failure (17) .
Importantly, cardiac hypertrophy is not always deleterious. Cardiac hypertrophy that occurs during postnatal development and in endurance athletes, referred to as physiological hypertrophy, is clearly salutary and phenotypically distinct from the pathological hypertrophy seen in individuals with cardiovascular disease (10) . Molecular distinctions between pathological and physiological cardiac hypertrophy can be made at the levels of apoptotic gene regulation (28) and the fetal gene program (4) . For example, signals for pathological hypertrophy stimulate the expression of embryonic beta-myosin heavy chain (␤-MyHC) and reduce the expression of adult ␣-MyHC, with the net outcome of diminished myofibrillar ATPase activity and impaired contractility (43) . The gene encoding sarco(endo) plasmic reticulum Ca 2ϩ -ATPase (SERCA) is also downregulated during pathological cardiac hypertrophy, which results in altered cardiac calcium handling (52) . In contrast, cues for physiological hypertrophy do not repress the expression of ␣-MyHC or SERCA and instead have been shown to block the downregulation of these genes mediated by pathological signals (49, 58) . The counterregulatory effects of exercise on ␣-MyHC and SERCA expression can be mimicked by thyroid hormone (7, 31) . In addition, insulin-like growth factor 1 (IGF-1) signaling has been shown to maintain ␣-MyHC levels in stressed myocardium (34) .
Roles for several transcriptional regulators in the control of pathological cardiac hypertrophy have now been validated by in vitro and in vivo studies. Sequence-specific DNA binding factors that positively regulate cardiac hypertrophy include nuclear factor of activated T cells (NFAT) (44) , myocyte enhancer factor 2 (MEF2) (47, 50) , serum response factor (SRF) (66) , and GATA4 (35, 44, 45) . Recently, chromatin-modifying enzymes that govern the access of transcriptional machinery to DNA templates have also emerged as key regulators of cardiac growth. The p300 coactivator, which possesses histone acetyltransferase activity, promotes hypertrophic growth by acetylating core histones in cardiac gene regulatory regions, resulting in relaxation of local chromatin and consequent transcriptional activation (21, 63) . In contrast, class II histone deacetylases (HDACs) 5 and 9 suppress cardiac hypertrophy by removing acetyl groups from nucleosomal histones (8, 65) .
Many transcriptional regulators involved in cardiac hypertrophy are subject to control at the level of subcellular localization. For example, phosphorylation of serine residues on NFAT results in intramolecular masking of two distinct NLSs, with consequent cytoplasmic sequestration of the transcription factor (2) . Retention of NFAT in the cytoplasm is reinforced through CRM1-mediated nuclear export of the phosphorylated form of the transcription factor (67) . In response to signals that increase intracellular calcium, NFAT is dephosphorylated by the calcium-and calmodulin-dependent phosphatase calcineurin, resulting in exposure of these NLSs and nuclear import of the transcription factor. Overexpression of constitutively active calcineurin or nonphosphorylatable, constitutively nuclear NFAT is sufficient to induce cardiac hypertrophy in transgenic mice (44) .
The prohypertrophic transcription factors GATA4 and SRF are also subject to signal-dependent nucleo-cytoplasmic shuttling (6, 45) . In the case of GATA4, phosphorylation by glycogen synthase kinase 3␤ (GSK-3␤) appears to stimulate CRM1-dependent nuclear export of the transcription factor, and signals for cardiac hypertrophy counteract this process by neutralizing GSK-3␤ function (45) .
Class II HDACs 5 and 9 suppress cardiac hypertrophy through interactions with MEF2 and possibly other prohypertrophic transcription factors (38) . Studies of noncardiac cells have defined a CRM1-dependent pathway that relieves MEF2 from the repressive effects of HDACs. Phosphorylation of class II HDACs at two conserved serine residues promotes their association with the 14-3-3 chaperone protein, which results in the exposure of a cryptic CRM1-dependent NES in the carboxy termini of the transcriptional repressors (19, 40) . We have proposed that signal-dependent nuclear export of class II HDACs serves as a final common endpoint for cardiac hypertrophic signaling cascades, since signal-resistant forms of HDAC5 or 9 block hypertrophy in response to diverse pathological signals, and targeted disruption of these transcriptional repressors results in spontaneous cardiac hypertrophy (5, 8, 60, 65) .
Despite our understanding of the importance of nuclear export in the control of transcriptional regulators of cardiac hypertrophy, the phenotypic consequences of CRM1 antagonism on cardiac myocytes has remained unknown. We sought to test the hypothesis that agonist-mediated cardiac hypertrophy can be blocked by inhibiting the nuclear export of negative regulators of this growth response, such as HDAC5. Here, we demonstrate that CRM1 antagonists dose-dependently suppress pathological gene expression and the growth of cultured cardiomyocytes exposed to hypertrophic agonists, such as the ␣ 1 -adrenergic receptor ligand phenylephrine (PE). In contrast, the beneficial induction of ␣-MyHC and SERCA expression mediated by thyroid hormone or IGF-1 occurs independently of CRM1. Inhibition of cardiac hypertrophy by CRM1 antagonists is associated with the blockade of HDAC5 nuclear export and repression of NFAT and MEF2 target gene expression. These results define a novel and selective role for CRM1 in derepression of pathological cardiac genes and suggest a potential therapeutic use for pharmacological inhibitors of nuclear export.
MATERIALS AND METHODS
Neonatal rat ventricular myocyte (NRVM) preparation and culture. Hearts were dissected from 1-to 3-day-old Sprague-Dawley rats, minced, and digested with collagenase (600 g/ml; Worthington) and pancreatin (full-strength-activity equivalent; Sigma) in 1ϫ Ads buffer (NaCl Cells were centrifuged through a step gradient of Percoll (Pharmacia) to separate myocytes from fibroblasts, and the myocyte pool was further enriched by preplating the cells for 2 h to remove adherent fibroblasts from the cell population. Cells were cultured overnight on dishes coated with gelatin (0.2%; Sigma) in Dulbecco's modified Eagle's medium (DMEM) containing fetal bovine serum (FBS) (10%), L-glutamine (2 mM), and penicillin-streptomycin. After overnight culture, cells were washed with serum-free medium and maintained in DMEM supplemented with Neutridoma-SP (Roche Applied Science), which contains albumin, insulin, transferrin, and other defined organic and inorganic compounds, at either 0.1 or 0.3% (vol/vol), as indicated below.
Adenovirus production and analysis of GFP-HDAC5. cDNA for full-length human HDAC5 (encoding 1,122 amino acids) was fused to sequences encoding enhanced GFP (Clontech) in pcDNA3.1ϩ (Invitrogen). The resultant construct encodes GFP fused in frame to the amino terminus of HDAC5. A construct encoding GFP fused to HDAC5 containing alanines in place of serines at positions 259 and 498 was generated in the same manner. For adenovirus production, GFP-HDAC5 cDNAs were subcloned into pAC-CMV (3) and constructs were cotransfected into 293 cells with pJM17 by employing Fugene 6 (Roche Molecular Biochemicals). Primary lysates were used to reinfect 293 cells, and viral plaques were obtained by the agar overlay method. Clonal populations of adenovirus were amplified upon reinfection of 293 cells. For analysis of GFP-HDAC5 localization in NRVMs, cells were plated in the presence of adenovirus (multiplicity of infection, ϳ50) on gelatin-coated 96-well dishes (10 4 cells/well; Costar) in DMEM containing FBS (10%), L-glutamine (2 mM), and penicillinstreptomycin. After overnight culture, cells were washed with serum-free medium and maintained in DMEM (100 l) supplemented with Neutridoma-SP (0.1%) for 4 h prior to treatment with agonists and leptomycin B (LMB). Images were captured at a ϫ40 magnification with a fluorescence microscope (Nikon Eclipse TS100) equipped with a digital camera (Photometrics CoolSNAP HQ) and MetaMorph imaging software.
Indirect immunofluorescence. NRVMs (2.5 ϫ 10 5 ) were plated on gelatincoated six-well dishes. Following the treatments indicated below, cells were fixed with formalin (10%) in phosphate-buffered saline (PBS), permeabilized, blocked with PBS containing NP-40 (0.1%) and bovine serum albumin (BSA) (3%), and incubated in the same solution, but with primary antibodies for sarcomeric ␣-actinin (mouse monoclonal antibody, 1:200 dilution; Sigma) or atrial natriuretic factor (ANF) (rabbit polyclonal antibody, 1:200 dilution; Peninsula Laboratories). Cells were washed five times with PBS and incubated with fluoresceinor cy3-conjugated secondary antibodies (goat polyclonal antibodies, 1:200 and 1:1000 dilutions, respectively; Jackson Laboratories), followed by a brief incubation with Hoechst dye (Molecular Probes). Cells were washed five times in PBS, washed one time with water, and sequentially covered with mounting solution (SlowFade; Molecular Probes) and glass coverslips. Proteins were visu-VOL. 24, 2004 CRM1 AND CARDIAC GENE REGULATION 10637
Signal-dependent nuclear export of HDAC5 in cardiomyocytes. (A) HDAC5 harbors an 18-amino-acid MEF2 binding domain (blue), a nuclear localization signal rich in basic residues (yellow), and a carboxy-terminal NES that is required for CRM1-mediated nucleo-cytoplasmic shuttling (green). Upon phosphorylation at two serine residues (S259 and S498 in human HDAC5), HDAC5 is bound by the intracellular chaperone protein 14-3-3, which results in exposure of the otherwise cryptic NES and the consequent nuclear export of the transcriptional repressor. Sequences encoding GFP were fused in frame to the amino terminus of HDAC5. (B) NRVMs were infected with adenovirus encoding alized with an inverted fluorescence microscope (Olympus model BH-2) at a ϫ40 magnification, and images were captured using a digital camera (Photometrics; Roper Scientific).
ANF competition enzyme-linked immunosorbent assay (ELISA) and total protein measurements. NRVMs were plated on gelatin-coated 96-well dishes (10 4 /well). After overnight incubation in the presence of FBS (10%), cells were cultured in serum-free DMEM (200 l) containing Neutridoma-SP (0.1%) in the absence or presence of PE (20 M; Sigma) or FBS (10%) and the concentrations of LMB (LC Laboratories) indicated below. After 72 h of stimulation, medium supernatants (50 l) were removed and added to 96-well Immulon II plates (Dynex) that had previously been coated with goat anti-mouse Fc fragments (1 g/ml; Jackson Laboratories). Some wells received ANF peptide standards (Phoenix Peptide) in place of culture supernatant. Monoclonal anti-ANF antibody (50 ng/ml in Tris-buffered saline with 0.1% Tween 20 [TBS-T]; Biodesign) and biotinylated ANF peptide (1 ng/ml in TBS-T; Phoenix Peptide) were added to wells (25 l each) and incubated for 2 h at room temperature. Some wells were treated with TBS-T lacking medium supernatant or peptide to provide background controls. Wells were washed five times with TBS-T and exposed to horseradish peroxidase (HRP)-conjugated streptavidin (100 l of a 1:10,000 dilution per well in TBS-T; Jackson Laboratories) for 1 h at room temperature. Wells were washed five times with TBS-T and exposed to TMB substrate (100 l; Kirkegaard & Perry), which provides a colorimetric readout, for 30 min at room temperature. Reactions were terminated with H 2 SO 4 (2 N, 100 l/well), and absorbance at 450 nm was detected with a Fusion plate reader (Perkin Elmer/ Packard). For total protein measurements, cells were washed five times with PBS, and Bradford reagent (Bio-Rad) was added to each well of the plate (100 l/well). Color development was allowed to proceed for 30 min prior to measurement at 595 nm with a microtiter plate spectrophotometer (Molecular Devices).
␣-and ␤-MyHC cytoblot assay. NRVMs were plated on gelatin-coated 96-well dishes (10 4 cells/well) in DMEM (200 l) containing L-glutamine (2 mM), penicillin-streptomycin, and charcoal-stripped FBS (10%) lacking thyroid hormone, which is known to induce ␣-MyHC expression and coordinately downregulate ␤-MyHC expression. Following overnight culture, growth medium was replaced with serum-free DMEM supplemented with Neutridoma-SP (0.3%, vol/vol) in the absence or presence of LMB (18.5 nM) and the hypertrophic agonist indicated below. Cells were washed two times with PBS and fixed with methanol (30 min on ice). Cells were rinsed two times with PBS, blocked with PBS containing BSA (0.1%; 60 min at room temperature), and incubated with anti-rat cardiac ␣-MyHC antibody (mouse monoclonal hybridoma supernatant BA-G5; American Type Culture Collection) or anti-rat ␤-MyHC antibody (mouse monoclonal hybridoma supernatant, 200 l/well, 1 h at room temperature; University of Iowa Developmental Studies Hybridoma Bank). Cells were washed three times with PBS containing BSA (1%) and incubated with the same solution but containing HRP-conjugated anti-mouse secondary antibody (1:500 dilution, 1 h at room temperature; Southern Biotech). Cells were washed three times with PBS containing BSA (1%), luminol (Pierce) was added, and luminescence was detected with a Fusion plate reader (Perkin Elmer/Packard). Triiodothyronine (T 3 ) and IGF-1 were obtained from Calbiochem and were used at 3 and 100 nM, respectively.
Cell volume measurements. Three-dimensional measurements of isolated NRVMs were conducted using a Coulter model Z2 instrument (Beckman), as previously described (54) . Briefly, cells in six-well dishes (2.5 ϫ 10 5 /well) were washed one time with PBS and trypsinized (200 l trypsin, 2 min at room temperature). DMEM containing 10% FBS (2 ml) was added to trypsinized cells, and cells were dispersed by vigorous pipetting. Cells were washed one time with PBS and transferred to cuvettes containing Isoflow buffer (10 ml; Coulter). Volume measurements were obtained for 10 4 cells, with Coulter aperture diameter limits between 6 and 26 m. Cell volumes are expressed in cubic micrometers.
Toxicity measurements. Cell viability was assessed with a LIVE/DEAD viability-cytotoxicity kit (Molecular Probes). This system employs calcein AM fluorescent dye, which is retained by viable cells, and an ethidium homodimer, which enters only cells with damaged membranes. Adenylate kinase (AK) was measured in culture supernatants by using the bioluminescence ToxiLight kit (Cambrex) according to the manufacturer's instructions. Changes in intracellular ADP/ATP ratios were measured with the bioluminescence ApoGlow BioAssay system (Cambrex), according to the manufacturer's instructions. AK and ATP assays were run in a 96-well format, and values were measured with a Fusion plate reader (Perkin Elmer/Packard).
RNA analysis. NRVMs were plated on gelatin-coated 10-cm-diameter dishes (2 ϫ 10 6 cells/dish). Following the treatments indicated in the figure legends, RNA was isolated from cardiomyocytes with Trizol reagent (Gibco/BRL). Total RNA (2 g) was vacuum blotted onto nitrocellulose membranes (Bio-Rad) with a 96-well format dot blotter (Bio-Rad). Membranes were blocked in 4ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing sodium dodecyl sulfate (SDS; 1%), 5ϫ Denhardt's reagent, sodium pyrophosphate (0.05%), and 100 g of sonicated salmon sperm DNA per ml (4 h at 50°C) and incubated with 32 P-end-labeled oligonucleotide probes (10 6 cpm/ml, 14 h at 50°C). Oligonucleotides were as follows: ANF (5Ј-AATGTGACCAAGCTGCGTGACACACCA CAAGGGCTTAGGATCTTTTGCGATCTGCTCAAG-3), ␣-SK-actin (5Ј-TG GAGCAAAACAGAATGGCTGGCTTTAATGCTTCAAGTTTTCCATTTCC TTTCCACAGGG-3Ј), ␣-MHC (5Ј-CGAACGTTTATGTTTATTGTGGATTG GCCACAGCGAGGGTCTGCTGGAGAGG-3Ј), ␤-MHC (5Ј-GCTTTATTC TGCTTCCACCTAAAGGGCTGTTGCAAAGGCTCCAGGTCTGAGGGCT TC-3Ј), and GAPDH (5Ј-GGAACATGTAGACCATGTAGTTGAGGTCAAT GAAG-3Ј). Blots were washed twice with 0.5ϫ SSC containing SDS (0.1%, 10 min at 50°C) and analyzed by autoradiography.
Immunoblot and immunoprecipitation analyses. Whole-cell protein extracts were prepared from NRVMs by using Tris buffer (50 mM, pH 7.5) containing EDTA (5 mM), Triton X-100 (1%), protease inhibitor cocktail (Complete; Roche), phenylmethylsulfonyl fluoride (1 mM . Lysates were sonicated briefly and clarified by centrifugation. Protein concentrations were determined by Bradford assay (Bio-Rad), and 20 g of total protein was resolved by SDS-polyacrylamide gel electrophoresis (PAGE) with gradient gels (4 to 20% polyacrylamide; Invitrogen). Proteins were transferred to nitrocellulose membranes (Bio-Rad) and immunoblotted with anti-SERCA2 antibody (mouse monoclonal antibody, 1:1,000 dilution; Affinity Bioreagents) or a peptide antibody directed against the carboxy terminus of murine modulatory calcineurin-interacting protein 1 (MCIP-1) (5) (rabbit polyclonal antibody, 1:5,000 dilution). After being washed with TBS-T, membranes were incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies (4050, 1:10,000 dilution; Southern Biotechnology), and proteins were visualized using an enhanced chemiluminescence system (Pierce). Blots were reprobed with anticalnexin rabbit polyclonal antibody to control for protein loading (5). For immunoprecipitation, protein lysates were exposed to HDAC5-specific antiserum (39) and protein G Sepharose beads (Amersham Biosciences). Immunoprecipitates were washed five times with lysis buffer, resolved by SDS-PAGE, and immunoblotted with mouse monoclonal antibodies specific for either GFP (1: 2,500 dilution; BD Biosciences) or 14-3-3 (H-8, 1:1,000 dilution; Santa Cruz).
RESULTS
CRM1-and 14-3-3-mediated nuclear export of HDAC 5 in cardiac myocytes. Class II HDACs associate with MEF2 via an 18-amino-acid motif that resembles the peptide-binding cleft of major histocompatibility complex (22) . Upon phosphorylation of two conserved serines that flank the NLS, class II HDACs are bound by the 14-3-3 chaperone protein. Binding of 14-3-3 leads to exposure of a cryptic class II HDAC NES and subsequent CRM1-dependent nuclear export of the transcriptional repressors, thereby freeing MEF2 to activate downstream target genes (Fig. 1A) .
Whether or not this pathway for HDAC neutralization functions to control cardiac hypertrophy has remained unclear. To address this issue, we employed primary NRVMs, which provide a tractable in vitro model of cardiac hypertrophy (55, 56) , and adenovirus encoding HDAC5 fused to GFP (Fig. 1A) . As shown in Fig. 1B , GFP-HDAC5 was predominantly nuclear in serum-starved NRVMs. However, HDAC5 rapidly relocalized to the cytoplasm in response to four independent hypertrophic stimuli, the ␣ 1 -adrenergic agonist PE, endothelin-1 (ET-1), FBS, and prostaglandin F2␣. Agonist-dependent nuclear export of HDAC5 was abolished by a highly specific CRM1 antagonist, LMB (Fig. 1B, bottom panels) , or by conversion of the 14-3-3 binding sites in HDAC5 to nonphosphorylatable alanine residues (Fig. 1C) .
Experiments were performed to confirm that inhibition of HDAC5 nuclear export by LMB was a specific outcome of CRM1 antagonism, rather than a nonspecific effect on HDAC5-directed signaling event(s). Phosphorylation-dependent binding of 14-3-3 to HDAC5 was assessed by coimmunoprecipitation analysis. NRVMs were infected with GFP-HDAC5-encoding adenovirus and treated with PE in the absence or presence of LMB. HDAC5 was immunoprecipitated from cell lysates, and associated, endogenous 14-3-3 was detected by immunoblotting. As shown in Fig. 1D , PE stimulated the binding of 14-3-3 to the HDAC5 whose phosphorylation was dependent on Ser-259 and Ser-498. LMB had little effect on the phosphorylation-dependent binding of 14-3-3 to HDAC5, while a protein kinase C (PKC) inhibitor attenuated this asso- ciation (data not shown), consistent with our prior results demonstrating a role for PKC and PKD in the control of cardiac HDAC5 phosphorylation (60) . Furthermore, LMB did not alter the activation of PKC or PKD in response to PE (data not shown). Together, these findings suggest that LMB retains HDAC5 in the cardiomyocyte nucleus by blocking nuclear export per se and support the hypothesis that nucleo-cytoplasmic shuttling of HDAC5 is coupled to the cardiac hypertrophic growth program.
A CRM1 antagonist suppresses fetal cardiac gene induction. Stress signaling in cardiomyocytes results in upregulation of the pathological fetal gene program, which is normally silenced in the adult heart. The gene encoding secreted atrial natriuretic factor (ANF) is a prototypical component of this program that is potently stimulated in ventricular myocytes exposed to cues for pathological cardiac hypertrophy. To begin to investigate the role of CRM1-dependent nuclear export in cardiac hypertrophy, we measured ANF protein in culture supernatants from NRVMs treated with hypertrophic agonists in the absence or presence of LMB. As shown in Fig. 2A , ANF expression was dramatically induced in NRVMs treated with PE or FBS, both of which trigger profound hypertrophy. Remarkably, low nanomolar concentrations of LMB efficiently blocked ANF induction by these hypertrophic agonists.
Agonist-dependent elevation of ANF expression can also be examined by immunostaining cardiomyocytes with ANF-specific antibodies. Following stimulation with PE or FBS, prominent ANF protein expression is observed within the secretory pathway, as evidenced by its perinuclear localization (Fig. 2B) . Consistent with the reduction in ANF secretion mediated by LMB ( Fig. 2A) , ANF immunostaining was markedly reduced in the presence of this CRM1 inhibitor. LMB was moderately less effective at blocking ANF expression mediated by FBS relative to PE, perhaps owing to the presence of LMB binding proteins in serum. LMB also blocked ANF expression induced by prostaglandin F2␣ and ET-1, which trigger cardiac hypertrophy through distinct receptors (data not shown).
To rule out possible effects of LMB treatment on ANF protein stability, we examined mRNA levels for ANF and other fetal gene markers in cells treated with this CRM1 antagonist. As shown in Fig. 3A , LMB blocked the PE-mediated induction of ANF transcripts, as well as those for another classical fetal cardiac gene marker, alpha-skeletal actin.
Stress signaling in the heart enhances the expression of embryonic ␤-MyHC and reduces the expression of adult ␣-MyHC. Since ␤-MyHC has slower ATPase activity than ␣-MyHC, the net outcome of this isoform switch is impaired contractility. Antagonism of CRM1 with LMB effectively blocked MyHC isoform switching mediated by PE. LMB repressed PE-induced ␤-MyHC mRNA and protein expression (Fig. 3) and inhibited the downregulation of ␣-MyHC transcripts (Fig. 3A) . LMB consistently reduced ␤-MyHC protein levels to a greater extent than mRNA levels. Together, the results suggest a role for CRM1-dependent nuclear export in the activation of fetal cardiac genes in response to cues for pathological hypertrophy.
LMB blocks morphological features of cardiac hypertrophy. In addition to fetal gene induction, cardiac hypertrophy is associated with increased cell size due to enhanced protein synthesis and with elevated assembly and organization of sarcomeres. LMB was employed to assess the role of CRM1 in the regulation of these features of cardiac hypertrophy. Treatment of NRVMs for 48 h with PE or FBS resulted in 44%-and 54%-increased total cellular protein contents, which was effectively blocked by LMB (Fig. 4A) . As shown in Fig. 4B , the reduction in protein synthesis mediated by LMB correlated with diminished cell size, as determined with a Coulter counter.
NRVMs sarcomeres were visualized by indirect immunofluorescence with an antibody directed to sarcomeric ␣-actinin. Treatment of cells with PE or FBS led to parallel assembly of highly ordered sarcomeres, while sarcomeres from unstimulated cells were disorganized (Fig. 4C) . CRM1 inhibition rendered NRVMs unresponsive to the sarcomere-altering effects of the hypertrophic agonists.
LMB is nontoxic to cardiomyocytes. It remained possible that cytotoxicity induced by LMB was being mistaken for antihypertrophic activity. To rule out this possibility, we examined whether LMB was toxic to cardiomyocytes by staining cells with calcein AM, which is retained by and fluoresces in viable cells, and ethidium bromide, which enters only cells with compromised membranes. As shown in Fig. 5A , LMB-treated cells retained calcein dye as efficiently as control cells and were not significantly stained by ethidium bromide.
As an independent measure of toxicity, we assayed for release of AK into the culture medium to assess cell membrane integrity. As shown in Fig. 5B , LMB did not trigger AK release from NRVMs treated with PE or FBS. Of note, the higher values from FBS-treated cells were a consequence of exogenous AK present in serum. Finally, intracellular ATP concentrations were quantified to further assess possible effects of LMB on cardiomyocyte viability. Increasing concentrations of LMB led to a modest reduction in intracellular ATP (Fig. 5C ), whereas a toxic control reduced cardiomyocyte ATP levels by ϳ100-fold (data not shown). Of note, we have observed increased intracellular ATP concentrations in cells treated with hypertrophic agonists. Thus, given our findings with AK and calcein, we propose that the effect of LMB on intracellular ATP is a reflection of the antihypertrophic action of this compound. These results further support the notion that LMB blocks cardiac hypertrophy by impinging on cellular components that are required for the growth process and not by nonspecifically inducing cellular demise.
Antihypertrophic action of a newly identified CRM1 inhibitor.
To rule out the possibility that inhibition of cardiac hypertrophy by LMB was mediated independently of CRM1 repression, we employed a recently discovered small-molecule inhibitor of CRM1. This compound, termed 5219668, is structurally distinct from LMB and was identified during screening of a small molecule library (ChemBridge) for agents that block nuclear export of the FOXO1a transcription factor (29) . Similar to LMB, 5219668 covalently modifies CRM1 and acts as a general inhibitor of CRM1-mediated nuclear export (see Dis- Fig. 6A , 5219668 potently repressed agonist-mediated nuclear export of HDAC5. Consistent with this finding, 5219668 blocked PE-induced sarcomere assembly and ANF expression (Fig. 6B and C) . In addition, 5219668 repressed the increases in total cellular protein and cell volume normally induced by PE ( Fig. 6D and E) . Of note, 5219668 was cytotoxic only at doses well above those required to block cardiac hypertrophy (data not shown). These findings further suggest that CRM1 activity is required for agonist-mediated pathological gene expression and cardiac hypertrophy.
CRM1 inhibitors do not block the expression of ␣-MyHC and SERCA. During pathological cardiac hypertrophy, the genes encoding ␣-MyHC and SERCA2 are repressed. Beneficial effects of exercise on cardiac function have been linked to upregulation of these genes and can be mimicked in vitro and in vivo by the bioactive form of thyroid hormone, T 3 , or by IGF-1. To begin to address the potential role of HDAC5 and CRM1 in the control of ␣-MyHC and SERCA levels, we determined the effects of T 3 and IGF-1 on HDAC5 localization in cultured NRVMs. Unlike PE and ET-1, which rapidly trigger nuclear export of HDAC5 in cardiomyocytes, the subcellular distribution of HDAC5 was unaffected by treatment with T 3 and/or IGF-1 (Fig. 7A) .
On the basis of these findings, we hypothesized that agonistmediated upregulation of ␣-MyHC and SERCA expression occurs in a CRM1-independent manner. Indeed, as shown in Remarkably, LMB had no effect on this coordinate regulation of MyHC expression in response to T 3 , nor did it alter the increase in ␣-MyHC expression mediated by IGF-1 (Fig. 7C) . Likewise, CRM1 inhibition failed to alter T 3 -induced SERCA2 expression (Fig. 7D ) and appeared to modestly stimulate SERCA expression in the absence of T 3 (compare lanes 1, 3, and 5). These results suggest that CRM1 is selectively involved in the regulation of pathological cardiac gene expression.
LMB represses NFAT-dependent transcription.
A recent study suggests a role for NFAT in the control of pathological, but not physiological, cardiac hypertrophy (61) . We hypothesized that the selective antihypertrophic action of CRM1 inhibitors may in part be mediated through this transcription factor. To begin to address this possibility, we assessed potential effects of LMB on the expression of MCIP-1, also known as Down syndrome critical region 1, which is a negative-feedback regulator of calcineurin signaling (Fig. 8A) (59) . MCIP-1 is expressed as 28-and 38-kDa isoforms (5) . Expression of 28-kDa MCIP-1 is regulated by an alternative promoter that harbors 15 NFAT binding sites, and thus this lower-molecularmass form of the protein serves as a sensitive marker of NFAT activity (64) . As shown in Fig. 8B , PE stimulated the expression of NFAT-dependent 28-kDa MCIP-1, while T 3 failed to alter MCIP levels. LMB completely blocked the agonist-mediated induction of MCIP-1 expression. These results suggest that CRM1 activity is required for stimulation of NFAT target gene expression. Consistent with this conclusion, we have found that LMB potently represses a luciferase reporter gene under the control of the MCIP promoter (data not shown).
DISCUSSION
The findings of this study reveal a novel role for the CRM1 nuclear export receptor in the control of pathological gene expression in postnatal cardiac myocytes. The findings place CRM1 antagonists on a short list of small molecules capable of repressing this gene program at the level of transcription. Although LMB is a potent and highly specific inhibitor of CRM1, toxic side effects have prohibited its use in the clinic to treat cancer (48) . Nonetheless, the data presented here point to the potential utility of alternative therapeutic approaches that target nuclear export in the heart.
Mechanism of action and functional analogs of LMB. LMB is a Streptomyces metabolite that covalently attaches to the sulfhydryl group of cysteine at position 529 in CRM1 and thereby prohibits CRM1 from associating with NES-containing cargo (32) . Although modification of CRM1 by LMB is a highly efficient and selective process, the irreversibility of the reaction is pharmacologically undesirable and may have contributed to the extreme toxicity encountered during the clinical trial for cancer (48) . A movement exists to identify novel CRM1 inhibitors that are less toxic and better suited for use as therapeutics (30) . To date, this effort has focused on CRM1 antagonism in the treatment of patients with cancer or human immunodeficiency virus infection. However, our data highlight an unforeseen potential for such inhibitors as therapeutics for heart failure.
Recently, a synthetic small molecule, PKF050-638, and valtrate, from roots of the medicinal plant, Valerianae Radix, were identified as inhibitors of CRM1 function by virtue of their ability to block the nuclear export of the human immunodeficiency virus Rev protein (13, 46) . Additionally, a screen for molecules that block nuclear export of the FOXO1a transcription factor yielded 19 novel CRM1 antagonists (29) . The most potent CRM1 inhibitor of the 19 compounds was 5219668, which we show here functions as an efficient repressor of cardiac hypertrophy (Fig. 6) . Remarkably, like LMB, each of these newly identified nuclear export inhibitors appears to function via covalent modification of the cysteine at position 529 in CRM1. As a result, extended efforts to identify novel, reversible CRM1 antagonists are warranted.
Selective repression of a subset of cardiac genes by CRM1 inhibitors. A striking finding of the present study was that inhibition of CRM1 activity resulted in selective repression of pathological cardiac gene expression, while beneficial gene programs elicited by T 3 and IGF-1 were spared. Perez-Terzic and coworkers reported global downregulation of nuclear import in cardiomyocytes undergoing pathological hypertrophy in response to PE and proposed this as a mechanism to accommodate increased demands for nuclear export of mRNA and protein during hypertrophy (51) . Given these elegant findings, it was possible that CRM1 inhibition would result in the re- pression of growth-related cardiac genes in response not only to PE, but also to thyroid hormone and IGF-1, which are implicated in physiological cardiac growth (7, 14, 31, 42) . Our results to the contrary suggest that LMB selectively represses pathological cardiac gene expression by blocking CRM1-mediated neutralization of a factor(s) that specifically controls this deleterious gene program. We propose that HDAC5 is one such factor, a hypothesis consistent with results demonstrating that HDAC5 is driven out of the nucleus in response to PE but not IGF-1 or T 3 (Fig. 7A) .
Targeting class II HDACs to control cardiac hypertrophy. Signal-dependent nuclear export of class II HDACs, HDAC5 and HDAC9 in particular, appears to be a final common step required to unlock the fetal gene program in stressed myocardium. In support of this hypothesis, expression of signal-resistant mutants of either HDAC5 or HDAC9, which chronically reside in the nucleus, results in inhibition of agonist-mediated cardiomyocyte hypertrophy (5, 60, 65) .
Class II HDACs likely contribute to the antihypertrophic action of LMB. By preventing nuclear export of these transcriptional repressors in the face of stress signals, LMB is predicted to promote nuclear MEF2-HDAC interactions and thus suppress genes under the control of MEF2 and other prohypertrophic transcription factors that associate with MEF2, including NFAT (Fig. 9) . Of note, we have previously shown that 14-3-3-bound HDAC5 fails to efficiently associate with MEF2 (40) . Thus, it is predicted that a portion of the LMB-trapped nuclear pool of HDAC5 remains unphosphorylated or becomes dephosphorylated despite the presence of active upstream signaling. Future chromatin immunoprecipitation experiments will test this hypothesis by addressing the ability of HDAC5 to engage promoter-bound MEF2 in LMB-treated cells.
Reversible inhibitors of CRM1 or small molecules that selectively repress nuclear export of class II HDACs should suppress pathological cardiac gene expression and may be better tolerated in vivo than LMB. Class II HDAC-directed small molecules may function either at the levels of HDAC kinases, such as PKC and PKD, as-yet-unidentified HDAC phosphatases, or at subsequent steps that are required for engagement of class II HDACs with nuclear export machinery. With regard to the latter point, class II HDACs harbor a conserved carboxy-terminal NES (consensus sequence, Val-X-X-X-X-X-Leu-X-Val) that diverges from classical CRM1 docking domains (consensus sequence, Leu-X-X-X-Leu-X-X-Leu-XLeu), raising the possibility of selective disruption of class II HDAC-CRM1 interactions (41) .
Non-HDAC targets of CRM1. A plethora of protein targets for CRM1 have been identified, and CRM1 has also been implicated in the control of RNA transport (57) . Thus, it is likely that the antihypertrophic activity of LMB is governed by factors in addition to class II HDACs. In this regard, recent studies have revealed the existence of complex counterregulatory pathways that repress cardiac hypertrophic growth. Components of these antihypertrophic networks include the genes encoding glycogen-synthase kinase 3␤ (1, 23), A20 (11), phospholipase A2 (24) , cyclic-GMP-dependent protein kinase (15, 26, 62) , and c-Jun N-terminal kinase (36, 53) . Notably, GSK-3␤, phospholipase A2 and cyclic-GMP-dependent protein kinase have all been shown to shuttle between the nucleus and the cytoplasm (18, 20, 23) . Thus, it is conceivable that LMBmediated nuclear retention of these signaling molecules con- FIG. 9 . Model for repression of pathological cardiac gene expression by CRM1. Pathological cardiac hypertrophy can be triggered by a number of stress stimuli, including agonists that stimulate the ␣-adrenergic receptor (␣-AR). Hypertrophic stimuli activate the Ca 2ϩ -calmodulin-dependent phosphatase calcineurin. Calcineurin dephosphorylates the NFAT transcription factor, driving it to the nucleus, where it stimulates pathological gene expression. Stress signals also stimulate the PKC/PKD pathway, resulting in phosphorylation of HDAC5, which normally binds to repress the function of the MEF2 transcription factor. Phospho-HDAC5 is escorted from the nucleus via a CRM1-dependent pathway, freeing MEF2 to activate downstream target genes that promote pathological hypertrophy. CRM1 inhibitors such as LMB retain HDAC5 in the nucleus, thereby repressing MEF2-dependent transcription. Since MEF2 interacts with NFAT, nuclear retention of HDAC5 is also predicted to suppress NFAT target gene expression. Binding of the bioactive form of thyroid hormone (T 3 ) to its receptor (TR) triggers expression of genes that are associated with increased cardiac contractility and nonpathological cardiac growth, including ␣-MyHC and SERCA. Nonpathological cardiac gene expression and growth can also be triggered by signaling via IGF receptor (IGF-R) and its downstream effectors, including the AKT kinase. These pathways for cardiac gene expression function independently of CRM1. As mentioned previously, prohypertrophic transcription factors, including NFAT and GATA4, are negatively regulated by CRM1-dependent nuclear export. As such, it was possible that CRM1 inhibition in cardiac myocytes would result in spontaneous or enhanced agonist-dependent cardiac hypertrophy due to increased nuclear expression of these transcription factors. However, our data suggest that LMB blocks the nuclear export of negative regulators of cardiac hypertrophy that function dominantly over these prohypertrophic factors. We propose that one such dominantly acting factor is HDAC5, a hypothesis that is consistent with the ability of the constitutively nuclear form of this chromatin-modifying enzyme to block hypertrophy in response to multiple pathological cues (5, 60, 65) .
Conclusions. The results presented here suggest that HDAC5 lies at a nodal point in cardiac myocytes, serving to couple multiple signaling pathways for hypertrophy to a common pathological gene program. The data also suggest that CRM1-mediated nuclear export of HDAC5 and as-yet-unidentified negative regulators is specifically involved in the control of pathological cardiac gene expression but not the expression of genes associated with beneficial cardiac performance, including ␣-MyHC and SERCA. Thus, it is intriguing to speculate that novel inhibitors of nuclear export with pharmacological properties more desirable than LMB will provide benefit in the context of cardiovascular disease. Expanded high-throughput screening efforts and follow-up testing in animal models of cardiac hypertrophy and heart failure should shed light on this issue.
